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Summary
The establishment of stable sister chromatid cohesion
during DNA replication requires acetylation of the chromo-
somal cohesin complex by the replication fork-associated
acetyltransferase Eco1 [1–8]. Cohesin acetylation is thought
to facilitate replication fork progression by counteracting an
as yet ill-defined cohesion ‘‘antiestablishment’’ activity
imposed by the Wapl protein [9–11]. Here, using budding
yeast, we find no evidence that cohesin acetylation must
overcomeWapl during replication fork progression. Instead,
Wapl emerges as a negative regulator of cohesion mainte-
nance in G2, a function that it likely exerts through its role
as destabilizer of unacetylated, chromosome-bound cohe-
sin. Our results suggest that acetylation renders cohesin
Wapl-resistant from S phase onward until mitosis. In the
absence of Wapl, sister chromatid cohesion functions well
[6], suggesting that Wapl partakes in a cohesin function
outside of sister chromatid cohesion. We find that Wapl is
not required for cohesin’s known role in transcriptional
regulation. Rather, cells lacking Wapl display increased
chromosome condensation in both interphase and mitosis.
Thus, as a conserved regulator of cohesin dynamics on
chromosomes, Wapl controls cohesion maintenance after
its establishment in S phase and adjusts the chromosome
condensation status.
Results and Discussion
Unhindered Replication Fork Progression in Budding
Yeast Cells Lacking Ctf18 or Eco1
Human cells lacking the cohesion establishment factor
RFCCtf18 show a slowdown of replication fork progression
during S phase. It was suggested that this is due to Wapl,
which interferes with replication fork progression during
cohesion establishment unless the cohesin subunit Smc3 is
acetylated in a reaction facilitated by RFCCtf18 [9–12]. To inves-
tigate the relationship between replication fork progression
and cohesion establishment, we examined whether the slow-
down of replication forks in the absence of RFCCtf18 is
conserved in budding yeast. We pulse labeled exponentially
growing budding yeast cultures with the thymidine analog
5-ethynyl-20-deoxyuridine (EdU) [13], which is incorporated
into newly synthesized DNA (Figure 1A). After a 10 min pulse,
EdU tracks were visualized along individual DNA fibers,*Correspondence: frank.uhlmann@cancer.org.ukstretched by DNA combing, and the track lengths were
measured. Contrary to what has been observed in human cells
[10], replication fork progression was not impeded in budding
yeast cells lacking RFCCtf18. On the contrary, we observed
a statistically significant acceleration of replication forks in
ctf18D cells. This could be due to increased deoxynucleotide
(dNTP) pools, which have been observed in ctf18D cells [14],
due to downregulation of the ribonucleotide reductase inhib-
itor Sml1 by chronic low-level DNA damage. The replication
fork speed in cells lacking Sml1 was not further increased in
the absence of Ctf18, consistent with Sml1 downregulation
in ctf18D cells as the reason for accelerated replication fork
progression.
We also measured the effect of Wapl removal on replica-
tion fork progression. Again, forks moved faster than in wild-
type cells (Figure 1A). This is also likely due to increased
dNTP pools, as fork rates in the absence of Sml1 did not
increase after wpl1D deletion. As an independent measure
for dNTP pool size, we assessed nucleotide incorporation
around replication origins in the presence of the ribonucleotide
reductase inhibitor hydroxyurea (HU). We monitored incorpo-
ration of the thymidine analog 5-bromo-20-deoxyuridine
(BrdU) by chromatin immunoprecipitation (Figure 1B). This
showed larger regions of nucleotide incorporation in wpl1D
cells, compared to wild-type cells, consistent with expanded
dNTP pools [14].
To independently assess the effect of cohesin acetylation on
replication fork progression, we measured fork rates after
conditional Eco1 depletion using an auxin-inducible degron
(aid) [15], conditions under which cohesin acetylation
becomes undetectable (Figure 1C). Replication fork progres-
sion was not affected in the absence of cohesin acetylation.
We also did not observe a fork speed alteration after depleting
cohesin altogether, suggesting that there is no inhibitory
impact of the cohesin complex on replication fork progression
(Figure S1 available online). While the role for RFCCtf18 and
Eco1 in sister chromatid cohesion is conserved between yeast
and human [1, 2, 10, 12], its requirement for replication fork
progression during S phase is not. RFCCtf18 and Eco1 are
present at budding yeast replication forks, at least after HU
treatment, where RFCCtf18 contributes to loading of the DNA
sliding clamp PCNA, a likely recruitment factor for Eco1
[4, 5]. Little is known as yet about the role of RFCCtf18 during
undisturbed S phase and, therefore, how it might contribute
to replication fork progression in human cells. For the purpose
of this study, we conclude that a replication fork impediment in
S phase due to Wapl, that must be overcome by cohesion
establishment factors, is not observed in S. cerevisiae and is
therefore not likely to be a conserved aspect of sister chro-
matid cohesion establishment.
Wapl Controls Sister Chromatid Cohesion in G2
The above results prompted us to re-examine whether Wapl is
a sister chromatid cohesion ‘‘antiestablishment’’ factor during
S phase [9–11] or whether it counteracts sister chromatid
cohesion after it has been established. Cohesin complexes
expressed after DNA replication are loaded onto DNA, but
they usually fail to generate sister chromatid cohesion
AB
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Figure 1. Cohesion Establishment Factors DoNot Speed the Budding Yeast
Replication Fork
(A) Fork progression is not impeded in the absence of Ctf18; instead, forks
progress faster due to increased nucleotide pools. Fork speed, measured
after pulse incorporation of 5-ethynyl-20-deoxyuridine (EdU) for 10 min
and DNA combing, was analyzed in the indicated strains. Examples of the
EdU tracks are shown (red). DNA was counterstained with YOYO-1 iodide
(green). The scale bar represents 50 mm. The graph depicts the distribution
of EdU track lengths. Box and whiskers indicate 25–75 and 10–90 percen-
tiles, respectively. The median is shown by a line in the box and is listed.
Asterisks indicate the significance of the statistical test (***p < 0.0001
Mann-Whitney rank sum test; ns, not significant).
(B) Farther replication fork progression, indicative of increased nucleotide
pools, in the absence of Wapl. A wpl1D strain and its wild-type control
were synchronized in G1 and released into medium containing 200 mM
hydroxyurea for 1 hr in the presence of bromodeoxyuridine (BrdU). Nucleo-
tide incorporation was measured by a-BrdU chromatin immunoprecipita-
tion, followed by analysis on anS. cerevisiaewhole-genomeoligonucleotide
tiling array. The signal intensities relative to a whole-genome DNA sample
are shown along a section of chromosome 7.
(C) Cohesin acetylation does not impact on replication fork progression.
EdU track lengths were measured in cells carrying the eco1-aid allele,
with or without auxin addition 30 min before release from G1 to deplete
Eco1, after pulse labeling at two time points during synchronous progres-
sion through S phase. The differences in fork progression rates with or
without auxin addition were statistically not significant (ns). The Smc3
acetylation status was analyzed by western blotting with an acetyl Smc3-
specific antibody. Tubulin served as the loading control.
See also Figure S1.
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Figure 2. Wapl Counteracts Sister Chromatid Cohesion after It Has Been
Established
An eco1D wpl1D strain was synchronized in G1, released, and arrested in
metaphase (meta) by Cdc20 depletion. Wapl was expressed from the
GAL1 promoter either 30 min before release from G1, in the metaphase
arrest, or was not expressed. Fluorescence-activated cell sorting (FACS)
analysis of the DNA content is shown. The sister chromatid cohesion status
was assessed at the GFP-marked URA3 locus. See also Figure S2.
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65[4, 16]. A notable exception occurs in response to DNA
damage, when G2-loaded cohesin becomes cohesive. In this
case, it has been suggested that cohesin’s Scc1 subunit
becomes acetylated to counteract Wapl [17–19]. Indeed, wefound that Wapl is the only factor preventing G2-expressed
cohesin from establishing sister chromatid cohesion (Fig-
ure S2). Therefore, Wapl’s ability to counteract sister chro-
matid cohesion is not limited to cohesion establishment during
DNA replication but extends to cohesion establishment
outside of S phase.
We next addressed whether Wapl counteracts the estab-
lishment of sister chromatid cohesion, or rather cohesion
maintenance after it has been established. To do this, we
used eco1D wpl1D double-mutant cells, in which cohesion is
established without the need for cohesin acetylation [6]. We
synchronized these cells in G1 by a factor treatment and
released them to pass through S phase before arrest in
metaphase by depletion of the anaphase promoting complex
activator Cdc20. We then reintroduced Wapl by inducing its
expression from the GAL1 promoter. As previously observed,
cohesion defects were apparent in about 25% of eco1Dwpl1D
cells even before Wapl induction [6]. In response to Wapl
expression in metaphase, this fraction increased to over
40%, whereas it remained unchanged in a control culture
that did not express Wapl (Figure 2). This demonstrates
that Wapl counteracts sister chromatid cohesion even after
it has been established. For comparison, we induced Wapl
expression already during G1. In this case, the cohesion
defect was only marginally greater than in response to Wapl
expression in metaphase. These results suggest that Wapl
continues to exert its effect on sister chromatid cohesion
throughout G2 and metaphase. Cohesin acetylation during
S phase therefore makes cohesin resistant against a cohe-
sion-destabilizing activity that Wapl exerts from S phase
onward until mitosis. While our study was under review, this
conclusion was also reached based on a complementary
experimental approach [20].
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Figure 3. Cohesin Stability on Chromosomes
Depends on Eco1 and Is Counteracted by Wapl
(A) An ‘‘anchor-away’’ assay to measure the
stability of cohesin binding to chromosomes.
FACS analysis of DNA content confirmed the
cell-cycle stage of the cultures. Pictures are
shown of cells before and 60 min after rapamycin
addition to anchor-away nuclear Scc1-GFP. The
scale bar represents 5 mm. Visible nuclear Scc1-
GFP enrichment was scored in at least 100 cells
at each time point.
(B) Cells containing wild-type ECO1 or the auxin-
inducible eco1-aid degron allele, in the presence
or absence of Wapl, were synchronized in G1.
Auxin was added and cells released and arrested
in metaphase by nocodazole. Rapamycin-
induced anchor-away of Scc1-GFP from the
nucleus was analyzed as in (A). Smc3 acetylation
was analyzed by western blotting. The myc
epitope-tagged rice F-box protein Tir1, which
mediates auxin-dependent protein destruction,
served as the loading control.
See also Figure S3.
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66Acetylation Counteracts Cohesin Destabilization on
Budding Yeast Chromosomes by Wapl
How does Wapl counteract sister chromatid cohesion? In
human and fission yeast, Wapl stimulates the dynamic turn-
over of cohesin on chromosomes [21–24]. It has not yet been
addressed whether this effect is conserved in budding yeast,
and whether the stability of cohesin binding to chromosomes
is controlled by its acetylation. To investigate this, we de-
signed a DNA binding stability assay based on the ‘‘anchor-
away’’ technique [25]. We fused Scc1 to a tandem FRB-GFP
tag. FRB is half of a pair of rapamycin-dependent interacting
protein domains. The other half, FKBP12, is attached to the
ribosomal protein Rpl13a. By hitchhiking onto Rpl13a upon ra-
pamycin addition, while the latter shuttles through the nucleus
for ribosome assembly, a freely diffusible nuclear protein is
depleted from the nucleus in less than 3min [25]. We reasoned
that Scc1-FRB-GFP depletion would be limited by its resi-
dence half-life on chromosomes, if that were longer than 3min.
Because the host strain for the anchor-away technique is of
the amating type, we used budding yeast a factor to synchro-
nize cells in G1 [26]. Upon release from a factor arrest, we re-
arrested cells in late G1 by expression of a stabilized versionof the Clb/Cdk-inhibitor Sic1 [Sic1
(V5,V33,A76)] [27] or in metaphase by
nocodazole treatment. In the Sic1
arrest, Scc1 is synthesized and cohesin
loaded onto chromosomes in a pattern
indistinguishable from that in meta-
phase (Figure S3). Rapamycin was
added to the arrested cells, and aliquots
were taken in 10 min intervals to visu-
alize the nuclear/cytoplasmic distribu-
tion of Scc1 (Figure 3A). In late G1, the
nuclear Scc1 signal soon became
weaker, and detectable nuclear enrich-
ment was lost within 30–60 min, giving
way to a diffuse cytoplasmic GFP signal.
In contrast, inmetaphase-arrested cells,
Scc1 remained nuclear in all cells over
60 min after rapamycin addition. This
demonstrates that, as in human cellsand fission yeast [21, 24], the stability of a substantial fraction
of cohesin on chromosomes increases after the establishment
of sister chromatid cohesion.
To investigate whether Scc1 dissociation from chromo-
somes in G1 depends on Wapl, we repeated the anchor-
away time course in Sic1-arrested wpl1D cells. In this case,
cohesin stably retained its nuclear accumulation upon rapa-
mycin addition. This shows that budding yeast Wapl, like its
human counterpart [22], destabilizes cohesin on chromo-
somes before DNA replication. We could not observe a
difference in the stability of the nuclear Scc1 signal in meta-
phase-arrested wild-type and wpl1D cells using this assay.
We next addressed whether cohesin acetylation during S
phase is responsible for its stabilization (Figure 3B). Mitotic
Scc1 was no longer retained in the nucleus after an S phase
inwhich Eco1was inactivatedwith the eco1-aid allele. Instead,
it was depleted with kinetics similar to those normally
observed inG1 cells. Removal ofWapl from the eco1-aid strain
restored mitotic cohesin stability to a considerable extent, but
not to wild-type levels. This shows that Eco1, and therefore
most likely Smc3 acetylation during S phase, is responsible
for making cohesin resistant to destabilization by Wapl. The
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Figure 4. Wapl Regulates Chromosome Condensation
(A) Wild-type and wpl1D cells carrying Net1-GFP were arrested in G1 using
a factor, or inmitosis by nocodazole treatment. Cells in S phase and early G2
were selected from fields of asynchronously growing cells with bud sizes of
less than one-third of the diameter of the mother cells. rDNA morphologies
in at least 100 cells were recorded as described [35]. rDNA loop lengths
in metaphase were measured in projections of serial optical sections.
The median lengths, 4.1 mm for wild-type cells and 2.8 mm for wpl1D
cells, are indicated. Asterisks indicate the significance of the statistical
test (***p < 0.0001; Wilcoxon matched-pairs signed rank test). The scale
bar represents 5 mm.
(B) Increased condensation of the euchromatic chromosome 12 left arm in
the absence of Wapl. The distance between two GFP-marks, inserted at
the MMP1 and YLR003c loci [36], was measured in three dimensions in
approximately 100 cells in S/G2 phase. The median distances, 0.63 mm for
wild-type and 0.55 mm for wpl1D cells, are indicated. Asterisks indicate
the significance of the statistical test (**p < 0.001; Wilcoxon matched-pairs
signed rank test).
See also Figure S4.
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67observation that the rescue of cohesin stability by wpl1D
deletion was incomplete suggests that cohesin acetylation
stabilizes cohesin by a mechanism in addition to rendering it
Wapl resistant.
Wapl Is Not Required for Cohesin’s Roles in Meiosis
and in Transcriptional Regulation
What is the role of Wapl, and of the less stably chromosome-
bound cohesin that it generates? Sister chromatid cohesion,
which relies on acetylated, Wapl-resistant cohesin, functions
well in the absence of Wapl [6]. In human cells, Wapl promotes
dissociation of cohesin from chromosome arms during
prophase [22, 23], a phenomenon that is absent during
budding yeast mitosis but has been observed during meiotic
prophase I [28]. However, tetrad dissection of a wpl1D/
wpl1D diploid strain showed that spore viability is not compro-
mised by the lack ofWapl (Figure S4A). This does not preclude
a function forWapl duringmeiosis, but it rules out a critical role
during meiotic chromosome segregation.
Cohesin has important functions outside of sister chromatid
cohesion, including DNA repair [29, 30], transcriptional regula-
tion [31], and chromosome condensation [2, 32]. We therefore
investigated whether Wapl impinges on cohesin function in
these processes. Wapl was identified in budding yeast as
Rad61, due to a mild sensitivity to high-dose irradiation [33].
However, wpl1D cells are far less radiation sensitive than
eco1-1 cells; in fact, the absence of Wapl largely restores
damage resistance to eco1-1 cells [6]. This suggests that
stable cohesin is more important for DNA repair than the less
stable cohesin generated by Wapl.
We next investigated cohesin’s role as a transcriptional
regulator. In budding yeast, cohesin functions as part of the
chromatin domain boundary that separates the silent mating
type loci from their actively transcribed surrounding [31]. In
mutants lacking the boundary sequence, or carrying an
smc1-259 cohesin allele, silent chromatin spreads from the
HMR locus and represses adjacent reporter gene expression.
In contrast, after wpl1D deletion, boundary function remained
intact (Figure S4B). To study global gene regulation, we com-
pared the genome-wide gene expression patterns between
wild-type and wpl1D strains. This revealed no greater than
2-fold gene expression changes other than WPL1 itself
(Figure S4C). We conclude that the dynamically chromo-
some-bound cohesin, generated by Wapl, is not required for
chromatin domain boundary formation and has no pro-
nounced influence on gene expression.
Wapl Controls the Chromosome Condensation Status
Budding yeast cohesin is required for mitotic chromosome
condensation, a function that depends on its acetylation by
Eco1 [2, 32, 34]. To investigate whether Wapl regulates chro-
mosome condensation, we visualized the budding yeast ribo-
somal DNA (rDNA) locus by fusing the rDNA binding protein
Net1 to GFP. In G1-arrested cells, when cohesin is absent,
the rDNA displayed its characteristic puff-like appearance,
which was independent of Wapl (Figure 4A). We next
compared small-budded cells in S or early G2 phase. Wild-
type cells at this cell-cycle stage still display uncondensed
rDNA puffs. Cells lacking Wapl, in contrast, often showed
a line-like rDNA appearance, indicative of an rDNA condensa-
tion intermediate [35]. Mitotically arrestedwild-type cells show
characteristic rDNA loops. These were also visible in wpl1D
cells, but they appeared to be thicker and were significantly
shorter than in wild-type cells. This suggests that Waplprevents premature rDNA condensation and fine-tunes its
mitotic compaction level. The altered rDNA appearance was
unlikely due to rDNA repeat loss, as these remain stable in cells
lacking Wapl (T. Kobayashi, personal communication).
To analyze the role of Wapl in counteracting chromosome
condensation at a euchromatic locus different from the
rDNA, we measured the distance between two GFP-marked
loci, 135 kb apart from each other, on the chromosome 12
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68left arm [36]. This confirmed increased compaction of this
chromosome arm in S/G2 cells lacking Wapl (Figure 4B). We
note that in our experiments, Wapl influenced chromosome
condensation even though Eco1 was active. This could be
because not all cohesin molecules are acetylated by Eco1
during S phase or because even acetylated cohesin is not
entirely refractory to regulation by Wapl.
Conclusions
We started this study by looking for a cohesion ‘‘antiestablish-
ment’’ function of Wapl during S phase. Such a function has
been inferred from the requirement of cohesion establishment
factors for unhindered replication fork progression in human
cells. Acetylation has been proposed to weaken cohesin’s
interaction with Wapl to facilitate replication fork progression
and cohesion establishment [9–11]. In budding yeast, we
found that cohesion establishment factors were not required
to promote replication fork progression, despite the fact that
cohesin interacts robustly with Wapl throughout S phase and
G2 [6]. These findings do not preclude a role for Wapl in coun-
teracting cohesion establishment, but evidence for it in
budding yeast remains elusive. Instead, our findings are
consistent with a model in which cohesin acetylation makes
cohesin Wapl resistant in order to maintain sister chromatid
cohesion from S phase onward. Cohesin acetylation is linked
in space and time to replication fork progression. This ensures
that newly established sister chromatid cohesion is stable, but
the acetylation reaction could be independent of the process
by which cohesin entraps the two sister chromatids. In this
model, Wapl possesses an ‘‘antimaintenance’’ rather than an
‘‘antiestablishment’’ activity. Our results further suggest that
cohesion ‘‘antimaintenance’’ is required to balance the chro-
mosome condensation status both in interphase and in
mitosis. The mild impediment of sister chromatid cohesion
and DNA repair in the absence of Wapl could be the conse-
quence of increased chromosome condensation.
Cohesin’s role in chromosome condensation might be
a legacy of its evolutionary origin. The related condensin
complex, as well as bacterial SMC complexes, compact chro-
mosomes, which probably involves the establishment of intra-
chromosomal DNA interactions [37]. Cohesin likely engages in
both inter- and intrachromosomal interactions, and the
stability of the latter is limited by Wapl to prevent overconden-
sation. Sister chromatid cohesion in turn poses the require-
ment to stabilize interchromosomal interactions between the
newly synthesized sister chromatids. This is the role of the
acetylation marks that the replication fork-associated acetyl-
transferase Eco1 adds to cohesin, probably as the replication
fork moves along chromosomes. In this sense, cohesin is
a ‘‘lockable condensin.’’ Whether, or which, additional reac-
tions take place at the replication fork to ensure that cohesin
embraces newly replicated sister chromatids is an important
open question.
Experimental Procedures
Details regarding the experimental procedures, including yeast strains and
culture, DNA combing and chromatin immunoprecipitation, gene expres-
sion analysis, and microscopy can be found in the Supplemental Experi-
mental Procedures.
Accession Numbers
The GEO accession number for the microarray data reported in this paper is
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